Higher output and compactness are becoming the norm for low speed diesel engines. The gripping torque of shrink-fit on semi-built up crankshafts can be raised by taking advantage of the high yield point of the newly cast steel "Throw Grade 5". On the otherhand, a large oversized shrink-fit might induce higher residual stress in the pin fillet or overheating might cause a decrease in the cold rolling effect in the pin fillet for short stroke crankshafts.
Introduction
The tendency towards higher output and compactness is remarkable in low speed diesel engine designs these days. Crankshafts are being designed to sustain higher loads, and higher quality materials and mechanical properties are required for crankshafts materials. The high strength cast steel, "Throw Grade 5", was developed for semi-built up crankshafts to respond to these demands. In addition to improved strength, high gripping torque at shrink-fit can be attained by taking advantage of this steel's high yield point, as shown in Table 1 . In other words, a higher shrink-fit ratio (oversize / shrink diameter) can be adopted. In this case, the initial residual stress likely occurs in the pin fillet due to large oversize. In addition, it is necessary for larger oversize crankthrows to be heated more, and the pin fillet could be exposed to the high temperature used for short stroke type crankshafts because the pin fillet is close to the shrink-fit bore. The basic design of the shrink-fit was established in the middle of the 1970's through a series of research activities [1] - [4] . Several tests and numerical analyses were made to illustrate the effects of shrink-fit on the fatigue strength. In those investigations, however, the conventional materials were used for crankthrows. The shrink-fit ratio for the new material is beyond the range of the previously performed tests. Because of the compactness and flexibility, the recent types of semi-built up crankshafts are subject to the combined stress of lateral bending, torsion and axial deformation in addition to highly intense vertical bending applied more intensively than those days. On the other hand, the cold rolling of the pin fillet has been applied to all cast steel crankthrows to improve fatigue strength recently. It is necessary to evaluate the overall effect of these stresses during the manufacturing process.
In this paper, a shrink-fit test of an actual crankshaft of a large engine with a large oversize of shrink-fit was carried out in order to check the practicality of the process as well as the residual stress, which occurs due to the cold rolling and shrink-fit process. The stress analysis was conducted to evaluate the fatigue strength under operating conditions Figure 1 shows the manufacturing process of a semi-built up type cast steel crankthrow. Before heat treatment, hot rolling is undertaken to consolidate micro cavities for quality improvement near the surface of the pin and pin fillet. After ultrasonic inspection, the cold rolling of the pin fillet is carried out, then the shrink-fit of journal is conducted. The cold rolling and shrink-fit are the dominant processes in determining the residual stress of the final products.
Residual Stress in Pin Fillet during the Manufacturing Process

Explanation of the manufacturing process
Influence of heating on the cold rolling effect
In order to improve the fatigue strength in the fillet part, the cold rolling process is applied. Figure 2 shows a photograph of the cold rolling equipment during rolling work. The running work rolls enforce the pin fillet surface of crankthrow with the support of backup rolls on the opposite side of the pin. Compressive residual stress is applied to the surface by the cold rolling. This process has a role to suppress the occurrence of tensile stress during the shrink-fit process. In addition, hardness and surface roughness are also improved. The cold rolling effect diminishes as the temperature rises. The tensile test results are listed in Table 2 . The notch of the test specimen was cold rolled using the compact rolling equipment illustrated in Figure 3 . After specimens were maintained at various temperatures for five hours, fatigue tests were performed at room temperature using the step method. Fatigue test conditions are shown in Table 3 .
Fatigue tests were carried out using the rotating bending method using φ10mm specimens with a notch of radius 2mm, as shown in Figure 4 . Figure 5 shows the relationship between the heating temperature and fatigue strength. The fatigue strength of the rolled specimen without heating was approximately twice as high as that of the non-rolled specimen. The fatigue strength was constant below a temperature of 400℃, but it decreases gradually as the temperature is increased beyond 400℃. It was also confirmed by another test series that the hardness drops above 400℃ in a similar manner. Therefore, it is important to keep the temperature below 400 ℃ during the manufacturing process. This characteristic is considered to be similar for the other cast steels of a similar chemical composition. Step method (10 
Shrink-fit Test
Tested crankthrow
A shrink-fit test was conducted with an actual crankthrow. It was manufactured in the ordinal process shown in Figure 1 . The tested crankthrow was a MAN B&W K98MC model. Figure 6 shows the dimensions of tested actual crankthrow and the locations of the tensile test specimens. The material of the crankthrow was Throw Grade 3, which was the only grade available for the test. Table 4 shows the tensile test results (material properties) for the crankthrow and journal. All tensile test results met specifications. The shrink-fit conditions are listed in Table 5 . The actual shrink-fit ratio was 0.299%. According to Eq.(1) of IACS UR M53 rule [6] based on the yield point (490MPa) of Throw Grade 5, the maximum shrink-fit ratio of shrink-fit diameter of the crankthrow was calculated as 0.318%. where, Z max is maximum oversize, D S is shrink diameter, σ SW is the minimum yield point of the crankthrow material, E m is Young's modulus. Figure 7 shows the photographs of the shrink-fit manufacturing process. At first, the shrink diameter was expanded up to the journal diameter with additional working clearance by burner heating from the inside face of the crankthrow. Next, the journal was inserted into the shrink-fit bore as soon as the burner flame was extinguished. Then the crankthrow was cooled with fan air, and the crankthrow and the journal were fitted tightly. Although the gripping torque can be elevated due to the large oversize of the shrink-fit, the crankthrows are to be heated for a longer time, and the pin fillet can be exposed to the high temperature. Therefore care must be taken with the temperature condition in the pin fillet so as not to negate the cold rolling effect.
Shrink-fit process
Measurement of the actual crankthrow during shrink-fit
Bore expansion was measured on each side of the shrink bore shown in Figure 8 . The temperature in the pin fillet part was measured by five thermo couples, as shown in Figure 9 . Figure 10 shows the relationship between the measured bore expansion ratio (shrink-fit bore expansion with temperature rising / shrink diameter) and the increased temperature of the pin fillet due to by burner heating. The expansion of the inside in the top-bottom direction was the largest, and that of the outside in the left-right direction was the smallest. The crankthrow was heated until the smallest expansion ratio exceeded the shrink diameter with additional working clearance. The journal was inserted into the bore at nine hours after burner ignition. The maximum temperature of the pin fillet part in this test results was 200℃. The five measured values were almost the same. It is considered that the oversize can be taken larger by extending the heating time while the fillet temperature below 400℃. That is, the gripping torque can be raised by a higher shrink-fit ratio without decreasing the cold rolling 
Measurement of the residual stress in the manufacturing process
The stress of the pin fillet part of the crankthrow is greatly affected by the cold rolling and shrink-fit process for short stroke type crankshafts. Residual stress measurement of the pin fillet of the tested crankthrow was executed to evaluate the influence of these two processes. The destructive method was adopted. Rosette strain gauges were attached to the points shown in Figure 11 at first, then the strains around them were released by cutting them into small pieces (10 ×10 ×3mm). Figure 12 and Figure 13 show the measured residual stress in the radial direction σ r and circumferential direction σ θ due to the shrink-fit and the cold rolling process, respectively. The horizontal axes in Figure 12 and Figure 13 indicate the angle in the pin fillet radial direction (Figure 11 ). It was shown found from these figures that the stress in the pin fillet part of this crankthrow was almost in compression. The compressive residual stress in the radial direction was the highest at the pin bottom (A1) [3] in Figure 12 . This is because the compressive stress due to shrink-fit is highest at this point. On the other hand, the stress in the radial direction due to shrink-fit is in tension at A2, A3 [3] , thus the compressive residual stress decreases at these points. Concerning the stress variation in the radial angle, the cold roll is enforced at the 30deg., and thus the compressive stresses are the highest around this area. This tendency is also observed in the stress in the circumferential direction in Figure 13 . The only tensile residual stress was measured in the circumferential direction at the closest point to the shrink-fit bore in the pin bottom (A1, angle of -60deg.). It is considered that this measured point (A1, angle of -60deg.) was pulled due to the shrink-fit. In addition, this point is considered to be the outside of the cold rolling effect. The working stress in this direction at this point is considered to be quite small, however.
In this measurement, almost compressive residual stress almost occurs in pin fillet part of crankthrow due to the shrink-fit and the cold rolling. 
Stress Analysis Taking Manufacturing Process into Account
Stress analysis of a crankshaft using Throw Grade 5 with a large oversize for the shrink-fit was carried out. The particulars of the investigated engine are shown in Table 6 . Two crankthrows made of Throw Grade 5 were used in the middle of crankshaft. The shrink-fit conditions are shown in Table 7 . Maximum oversize for Throw Grade 5 was taken including the manufacturing allowance.
Shrink-fit analysis was undertaken according to the shrink-fit conditions. Then the working stress of No.6 crankthrow in operation at MCR was analyzed and the shrink-fit stress and the cold rolling stress [7] were added to obtain the total stress at each point in the fillet. The effect of mean normal stress on the fatigue strength was estimated according to a modified Goodman diagram. The effect of the mean shearing stress is considered to be small and neglected here. The existence of mean stress led to a change in fatigue strength. Instead of changing the fatigue strength in accordance with the mean stress, the stress of the actual conditions were modified as follows; (2) where, σ a and σ m are the alternating and mean normal stresses, respectively, τ a is the alternating shearing stress, σ add is the additional bending stress of 30MPa according to IACS UR M53 [5] [6] .
The combined stress was assessed with Von Mises equivalent stress calculated by Eq.(3). The maximum stresses of the pin fillet in the plane of each angle from the pin bottom are shown in Figure 14 . The maximum working stresses without taking the manufacturing effect into account are compared in the same figure. σ DW in Figure 14 means the allowable fatigue strength that was calculated by Eq.(4) based on IACS UR M53. The stresses with the modification owing to the manufacturing stress are on the safer side than those without modification. The pin fillet stresses of the large oversize crankthrow are shown to be safe even when taking the manufacturing process into account. (4) where, K is the factor for different types of crankshafts without surface treatment (cast steel : K=0.93), σ B is minimum tensile strength of the crankshaft material, D G is the pin diameter, and R X is fillet radius of the pin.
Conclusions
It was confirmed from the φ10mm specimen tests that the effect of the cold rolling is maintained when the rolled area is not heated above 400℃. The shrink-fit test with an actual crankthrow (MAN B&W K98MC model) was carried out for large oversize to achieve a higher gripping torque by using high strength cast steel, Throw Grade 5. It was successfully accomplished with a shrink-fit ratio of 0.299%. Furthermore, the bore expansion ratio could reach up to 0.390%, including working clearance, before insertion of the journal. The temperature of the pin fillet was approximately 200℃ at that time. This test result shows that it is possible to reach the maximum shrink-fit ratio for Throw Grade 5 (0.318%) by the extending the heating time. The residual stress of the pin fillet of the tested crankthrow was measured in order to evaluate the influence of shrink-fit and the cold rolling process. It was confirmed that the residual stress was compressive in most parts. The radial stress of the pin bottom was compressive due to the cold rolling and the shrink-fit process. The circumferential measured stress, however, was pulled in tension due to the shrink-fit. The actual working stress of a MITSUI-MAN B&W 10K98MC crankshaft was evaluated for the condition of maximum oversize of the shrink-fit for Throw Grade 5. From the analysis results, it was confirmed that the fatigue strength of the pin fillet does not drop for the maximum oversize of Throw Grade 5 when taking the residual stress due to manufacturing process into account.
Taking advantage of its high yield point, Throw Grade 5 is expected to apply to the compact or higher output marine engines, and stationary engines in the future. 
